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Abstract

The code HORSMIC was written to solve the problem of calculating the shape of hydrocarbon &as or
liquid) storage caverns formed by solution mining in bedded salt formations. In the past many storage
cave.rns  have been formed by vertically drilling into salt dome formations and solution mining large-
aspect-ratio, vertically-axisymmetric caverns. This approach is generally not satisfactory for shallow
salt beds because it would result in geomechanically-unstable, pancake-shaped caverns. In order to
produce a high aspect ratio cavern in the horizontal direction a more complicated strategy must be
employed. !&is report describes one such strategy, and documents the use of the computer model
HORSMIC which can be used to estimate the shape of the cavern produced by a prescribed leaching
schedule. Multiple trials can then be used to investigate the effects of various pipe hole configurations
in order to optimize over the cavern shape.
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1. Introduction

The use of solution mining to generate underground storage space for large quantities of hydro-
carbon products has proven to be economical in the past. One of the largest of such enterprises is the
storage of hundreds of millions of barrels of oil in solution-mined salt dome caverns by the U.S. Stra-
tegic Petroleum Reserve. These caverns were formed by vertically drilling into the salt domes and in-
jecting low salinity water into the dome through inlet and outlet pipe strings which were periodically
positioned to shape the dome to desired (high length-to-diameter aspect ratio) specifications. Because
the cavern brine tends to stratify, the lowest salinity water accumulates near the tcp of the cavern
and would  quickly dissolve the cavern roof till it reached a porous caprock, if it were permitted to
make contact with the roof. ‘Ib prevent contact, a blanket of lighter-than-water material (oil) is inject-
ed and floats at the top of the cavern. Several computer models have been used to guide the solution
mining operations and to predict the shape and volume oftbe cavern space. [1,2].  These models make
use of the axisymmetric nature of the above mentioned mining process, and the fact that the brine
stratifies vertically, to reduce the problem of estimating the dissolution rate to a quasi-one-dimension-
al problem.

Because the number of salt domes is limited, and their location is not always ideal for storage, there is
interest in using bedded salt as a storage medium Bedded salt exists in deep layers that are a few
feet to hundreds of feet thick and are almost horizontal in orientation. It would be possible to gener-
ate storage space in these beds by vertical drilling and leaching, as in the dome salt case, however the
resultant pancake-shaped caverns would be geomechanically unstable because of the low aspect ratio.
‘I% produce a high aspect-ratio, cylindrical cavern in bedded salt therefore requires that the long axis
of the cavern lie in the plane of the salt bed. Such a cavern would probably not be &symmetric and
would require a quasi-two-dimensional, or higher, approach to modeling its formation and final shape.
There is much less experience in trying to produce such caverns, and the HORSMIC code is intended
as a modeling aid to guide the sol&on mining operation for that case.

2. Model

There are a number of possible approaches to leaching a nearly horizontal cavern in a salt bed The
approach that is modeled in HOPSMIC is illustrated in Figure 1. A hole is slant-drilled from the sur-
face into a salt bed such that the drill direction proceeds in the plane of the bed and has a downward
component. That is, if the bed has a positive downward dip angle of 9, the drill direction will termi-
nate with a dip angle slightly greater than or equal  to q. A second hole is drilled vertically from the
surface to intersect the first hole at its terminus. The region near the intersection of these twti holes
will be solution mined to insure a connection between the two holes. A pipe string which is perforated
with n holes per section is inserted in the first hole and positioned in the region of the salt bed where
the cavern is to be mined. Water is injected into the perforated pipe string, the end of which is blocked
so that the flow exits through the perforated holes and flows along the outside of the pipe to the verti-
cal outlet hole. The portion of the inlet pipe which is not perforated is enclosed in a larger diameter
pipe so that as the cavern is formed, a blanket gas or liquid can be injected through the annuIus to
limit the height of the cavern near the inlet end of the injection string. The diameter of the holes in
the inlet pipe string will generally decrease with distance towards the outlet. Tbe tailoring of the hole
sizes is one of the factors that will determinethe  final cavern shape. The amount of salt dissolved de-
pends on the amount of solvent (water) to which it is exposed, the salinity of that solvent, and the flow
velocity of the solvent past the eroding cavern walls. The .maximum solvent flow rate will occur at the
outlet end of the perforated string but the minimum salinity will occur near the inlet end of the
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string. The goal, therefore, is ti adjust the hole sizes so that the cavern shape is approximately uni-
form over the entire length of the cavern. This is accomplished by iterative calculations with different
hole sizes to determine the hole pattern that produces the most desirable shape.

Figure 1. A sketch of the model solution mining geometry.

A schematic of the flow model geometry assumed for the riser termination is shown in Figure 2. A se-
ries of holes with variable diameter, d;,and separated by a lengthwise distance, L, are drilled through
the wall of the inlet pipe (Diameter D and wall thickness w).
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Pn-l ‘n

-177777771 .17/777771177727771

Figure 2. Schematic of perforated pipe flow model.

The inlet pipe is completely blocked at the end. Although only two holes are shown in the figure at.

8



each axial location, the code permits any number of holes, to be considered.

For steady incompressible flow, Bernoulli’s equation may be written as

4 Pcl vt ‘b-p- = g-+hf
P P

Eq. 1

where v is the velocity, P is the pressure, p is the fluid density, and hf is the frictional loss in the
pipe. The subscripts a and b refer to any two adjacent sections in the pipe.

The frictional head loss, hp is given by the Darcy-Weisbacb equation

hf = f{;$ Eq. 2

where the friction factor, f, is taken to be 644Re for Reynolds number, Fk, less than 5000 and

f2g for Re>5000 when the flow is turbulent. L is the length of the tube section and D is its

diameter. Since the end of the pipe is plugged, mass conservation requires that the individual flow
rates satisfy the constraint

Q1+Q2+Q3+---+Qn-1+Qn  = Q, Eq. 3

Combining Eq. 1 and 2, and neglecting the inlet radial velocity, the exit Aow rate from each section,
assuming the pressure outside the pipe to be independent of position, can be shown to be

l/2

df 2 (AP;) X2

“-7 p[ 1 Eq. 4

where N is the number of holes per section, w is the wall thickness of the pipe,d  is the orifice diam-
eter, pi is the pressure change across the pipe wall, and the friction factor, f, is evaluated at the
flow rate for each exit hole.

From Eq. 1 and 2, the pressure in the pipe at each station, i, is given recursively by the expression

‘i
&o-&1-&2-----&i

w2v4
Eq. 5
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Ecpation~  3-5 are solved for the UI&IIOW~  variables P,, Pi, and Qi for I 5 i 5 n .

This  calculation is carried out in a subroutine that is called by a minimizing fimction which varies the
orifice diameters, di, to meet a user-specified criteria. For example, the quantity

fn = vlntl, +~IQi-Q;Fi-'l can be minimized so that the flow out of each orifice decreases by

the factor F and the flow velocity is minimized.

For the region outside the perforated pipe but inside the salt cavity, an equation for the specific gravi-
ty of the moving solution may be written as,

C~+‘=FSG([C~ViW(Ci”)  +C~-,vi_,Ai_,AtW(C~-,)  -C~V;AiA’W(C~)

+AihAt (p,p-,‘) + QiAtCi, W (C,) ] /.(C~’ ’ (Vi +AibAt) ) )
Eq. 6

where FSG (w) is a function that converts the weight percent of salt W to a specific gravity.  Its in-
verse function is W. The other variables are; CI, the specific  gravity of the solution at the i-th mesh
point and n-th time step; Vi, the volume of the i-th mesh division and Ai, its area; Vi, the bulk fluid
velocity in the i-th mesh division; AZ, the length of a mesh increment m the z direction (along the
pipe); and At, the time step increment. A dot over a quantity indicates the time derivative. All quan-
tities,.except  Cn+r, are evaluated at the n-th time step. This equation makes use of the assumption
that in any region of the dissolving salt the fluid salinity may be characterized by a single parameter
in the bulk flow. That is, it is assumed that rapid mixing occurs outside the boundary layer due to tur-
bulence caused by the injected water, convective cells generated at the dissolving salt boundary layer,
and flow along the axial direction of the cavern.

When a vertical salt surface is exposed to unsaturated brine, a negatively-buoyant dissolution bound-
ary layer is formed next to the surface. Application of momentum integral analysis to this boundary
layer and a series of verification experiments by Durie and Jessen  [3,41  showed that when the peak-
downward velocity of this boundary layer was large compared to the edge or bulk density of the brine,
the dissolution rate at a given temperature varied only with  the bulk concentration of the brine and
the distance along the boundary layer. Their experiments showed that the transition to turbulence oc-
curred in very small lengths (typically millimeters) and that by analogy with turbulent heat transfer
by natural convection on long vertical surfaces, the distance dependence of the dissolution rate could
be neglected

The salt recession rate&/&,  of a large vertical wall of salt dissolving under the influence of natural
I rr convection has been correlated as a function of only the bulk fluid specific gravity, C, at temperatures

near 75 “F Cl].

$ft/hr) =45.65499661-232.2931e+469.5247C2

-470.37554C+232.73686-45.203241/C
Eq. 7

The recession rate varies with wall angle, 8, measured from the vertical, so that  6 = 90” is an up-
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ward facing surface and 0 = -9O”is  a downward facing surface, according to:

Eq. 8

3. Code Inputs

The following quantities are required as input to operate the code. Each of the values for these quan-
tities are to be listed in the given order, in free format, in an input data file called DATA Currently
only the English (R-lb-s) set of units are used except as indicated. The first record consists of a group
of integers that define the type of calculation to be performed for that particular data set. The values
needed are:

NDIV is the number of axial divisions to be used in the calculation. The number of mesh points used,
N, is equal to NDIV+l. N should not exceed the dimension NDM which is currently set to 100.

NHOLPS is the number of holes per section for solvent flow.

IPRINT is the number of time steps skipped between printouts of shape and leaching concentrations.
Each time step has a maximum value of DT hours (see following parameters).

IDATA  is currently a dummy variable which should be set to 0. If set to 1 a set of data must be provid-
ed to subroutine DATA to define the initial cavern shape.

IRPT provides information to the code as to whether this is the first data set submitted for the current
batch calculation. If IRPT is 0, that indicates it is the first data set. If IRPT is 1, then it should be a
continuation set.

IRST provides information to the code as to whether the current batch calculation is a continuation
from a previous batch calculation. A value of 0 means it is NOT,  and a value of 1 indicates that it IS.

- r
IVOL is a desired stop volume, in kbbl, for the calculation. If set to a value less than 1 it is ignored.

The next record contains geometrical and process parameters necessary for the calculation.

YMAX is the initial height (hole diameter) of the cavern.
‘57 &vr
5x7Uhccm ALPIP is the perforated length (cavern forming length) of the injection pipe.

Dep-W PHI is the pipe dip (from horizontal) in degrees. .

&I is the inlet flow rate of solvent (water) in bbl/day
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RPI is the inside radius of the solvent pipe (inches).

RPO is the outside radius of de solvent pipe (inches).

RCASI is the inside radius of the casing (carrying the blanket material) (inches).

RCASO is the outside radius of the casing (inches).

RHOLO is the initial estimate of the radius of a single perforation in the pipe (inches).

HOLF is the fractional change in hole radius in the direction of flow (e.g. 0.95).

SGI is the specific gravity of the injection water.

SGCF is the initial specific gravity of the cavern fluid

DT is the maximum time step that will be used in the calculation (hours).

TEND is the maximum (solution) time for which the calculation will run. It may be less if the maxi-
mum volume as indicated by IVOL is reached before TEND  is reached

QFIL is the blanket fill rate (assumed to be constant for any one stage (data set)) in standard cubic
feet per hour. The code presently is configured for gas blanket fills only.

FINC is the estimated fraction of insolubles (usually anhydrite)  in the salt formation to be dissolved.

TEMP is the temperature of the solvent that is injected in degrees F.

A sample data set is shown in Appendix A

4. Code Output

After printing the input data to the screen as it is read, at every IPRINT time step the code prints val-
ues of the stage time, current time step, and total cavern formation time to the screen. This is fol-
lowed by a table of positions along the pipe with the corresponding values of cavern height, brine
specific gravity, flow rate, sectional volume and insoluble level.

Below the table, values of the total cavern volume, (in liquid barrels and gaseous standard cubic feet)
the brine outlet flow rate and specific gravity, the remaining insoluble volume and level, the gas blan-
ket level and the volume of brine in the cavern are printed out A correction factor, obtained by com-
paring the salt remaining in solution in the cavern with the volume dissolved and removed I@ brine
efflux integrated over time, is used to adjust de cavern specific gravity at each time step. This factor
is also printed out, and its proximity to unity is an indicator that a material balance is being main-
tained. A sample page from the code output is shown in Appendix B.

All of the above information is also written to a file on logical unit 9 so that a record of the entire cal-
culation can be preserved. At the end of a data set, or stage, the volume change for that stage and the
leaching efficiency (volume of salt removed per volume of solvent injected) is also written out.

Information needed for continuation of the calculation is written onto logical unit 3. Thii file must be
available for restarting the calculation (IRSI’ > 0) or for changing stage parameters (IRPT > 0).

Information on the geometrical shape of the cavern is written onto a file on logical unit 12. These data
are in a form suitable for plotting with the commercial plotting code TECPLOT.
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5. Results

Figure 3 shows an example of a calculation for a cavern shape performed with HORSMIC. In this cal-
culation it is assumed that the dip angle of the salt bed and string is 5 degrees and the flow rates var-
ied between 100,000 and 150,000 barrels per day. The perforated pipe lies at the lowest portion of the
cavern and is covered by a porous insoluble layer through which the injection water flows.

301 II Print  II f12.Pn  II HOFWIC  OUTPUT

- r

Figure 3. Cavern shape calculated with the horizontal solution code HORSMIC.
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7. Appendix A

; - r

SamDIe  InDut Data Files for HORSMIC  Code,

3112240001000
2.0 2OOK@=>.O  50000.0 8.0 10.0 12.0 13.0
0.2 0.98 1.002 1.20 2.0 72.0 0.0 0.1 75.0
31 12240 10 1000
2.0 2000.0 2000.0 5.0 100000.0 8.0 10.0 12.0 13.0
0.2 0.98 1.002 1.20 2.0 960.0 0.0 0.1 75.0
3 1 1 2 2 4 0 1 0 1 0 0 0
2.0 2000.0 2000.0 5.0 100000.0 8.0 10.0 12.0 13.0
0.2 0.98 1.002 1.20 2.0 2000.0 5.0 0.175.0

In the above data set each three-line group represents one stage of solution mining. The first
of three stages is limited to 72 hours of inlet flow at 50000 bbl/day.  The next two stages
lasting 960 and 2000 hours respectively have an inlet flow rate of 100000 bbl/day.

In each stage a cavern volume limit of 1000 kbbl is specified so that if at any time the
volume reaches this limit the stage will terminate before the specified time limit.

The following data set is similar to the first only the first stage is longer and utilizes a higher
flow rate, and the final cavern volume is set at 4000 kbbl. This data set was used to generate
the cavern shape shown in the results section-

3 1 1 2 2 4 0 0 1 4 0 0 0
2.0 2000.0 2000.0 5.0 150000.0 8.0 10.0 12.0 13.0
0.2 0.98 1.002 1.20 2.0 960.0 0.0 0.1 75.0
3 1 1 2 2 4 0 1 0 4 0 0 0
2.0 2000.0 2000.0 5.0 100000.0 8:O 10.0 12.0 13.0
0.2 0.98 1.002 1.20 2.0 960.0 0.0 0.1 75.0
31 12240 104000
2.0 2000.0 2000.0 5.0 100000.0 8.0 10.0 12.0 13.0
0.2 0.98 1.002 1.20 2.0 2000.0 4.0 0.1 75.0
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